Mesh resolution requirements are investigated for 2-D and 3-D simulations of the complex flow around a straight-blade vertical axis wind turbine (VAWT). The resulting flow, which may include large separation flows over the blades, dynamic stall, and wake-blade interaction, is simulated by an Unsteady ReynoldsAveraged Navier-Stokes analysis, based on the Spalart-Allmaras (S-A) turbulence model. A grid resolution study is conducted on 2-D grids to examine the convergence of the CFD model. Hence, an averagedgrid residual of y + > 30 is employed, along with a wall treatment, to capture the near-wall region's flow structures. Furthermore a 3-D simulation on a coarse grid of the VAWT model is performed in order to explore the influence of the 3-D effects on the aerodynamic performance of the turbine. Finally, based on the 2-D grid convergence study and the 3-D results, the required computational time and mesh to simulate 3-D VAWT accurately is proposed.
INTRODUCTION
Computational Fluid Dynamic (CFD) tools have proved to be very valuable for analysis and design of fluid dynamic systems for the last two decades. This popularity has benefited from many developments in High Performance Computing (HPC), both on the algorithm part as well as the hardware part. The accuracy of the simulation depends on the spatial discretization and the order of the discretization method used. For any given method and simulation problem it is essential to use a mesh that is fine enough so that the error is small but also to have the error in the asymptotic regime, meaning that it decreases with a given order as the mesh increases. In many industrial applications the mesh required to be in this regime is not trivial.
Furthermore, the mesh resolution requirement is more confusing for some turbulence models such as Large Eddy Simulation (LES) or Direct Numerical Simulation (DNS). It also plays an undeniable role in the accuracy of RANS turbulence methods. The grid should be fine enough to capture all the Subgrid-scale turbulence (DNS) or a portion of them (LES); in other words, the smallest grid has to be almost of the same order of magnitude as the Kolmogorov length scale. Therefore, it is too expensive to use these methods for complex geometry such as VAWT, where they work in moderate and high Reynolds number. In RANS models mesh should be small enough to capture the turbulence eddies in the large scale only. In fact, in the URANS model, large eddies are resolved and the turbulence model is used to consider the Subgrid-scale eddies' influence on the flow. That makes URANS methods an affordable and appropriate choice for most engineering applications such as airplane or wind turbine simulations.
The simulation of VAWT is one of the most challenging aerodynamic problems in the incompressible flow regime. Continuous variation of angle of attack results in rapid changes of the pressure distribution on the blade, and often dynamic stall occurs for low ratio speeds. In addition, vortices shedding from the blade on the windward side of the wind turbine travel downstream and they may interact with the blades on the leeward side. The flow gets even more complicated for 3-D simulations where tip vortices and other 3-D vortices should be taken into account correctly. Many of aforementioned influential aerodynamic phenomena are related to the turbulence features of the flow. Therefore, choosing an accurate turbulence simulation of flow is a key factor for prediction of the aerodynamic forces on the blades. However, any turbulence model requires sufficient mesh resolution, which will be explored here.
Most CFD simulations of flow around VAWT have been carried out in the last two decades and show significant discrepancies. McLaren et al. [1] used a commercial CFX solver to estimate the dynamic loading of the straight blades of a small-sized VAWT. They utilized the SST k − ω model in combination with the γ − θ transition model introduced by Menter et al. [2] , in order to calculate lift and drag forces on the blades, and they declared that the transitional method captured more features of the flow. Ajedegba [3] investigated the power coefficient of a special type of small vertical axis wind turbine (Zephyr) at different tip speed ratios. He used the commercial software FLUENT with multiple reference frames (MRF). The simulations were carried out on a 2-D domain using the k − ε model along with standard wall function. Although there was a relatively good agreement between CFD results and the stream tube model at low tip speed ratio range, the deviation from experiments is observed for higher tip speed ratios. The weakness of the k − ε model in simulating intense adverse pressure gradient flows and complex geometries are the main reasons behind the discrepancy with experimental data.
Camelli and Lohner [4] introduced a new computation model that combined Baldwin-Lomax with Smagorinsky (BLS) to capture the separation on a circle in 2-D and a cylinder in 3-D. They also analysed the turbulence structures inside the wake behind the obstacles. Their model utilized Baldwin-Lomax in the near wall region and the Smogorinsky model for the far-wall region. They concluded that both Balwin-Lomax and BLS produce similar results and that their predictions are closer to the experimental data compared to when the Smagorinsky model is applied alone, due to coarse grid in the near-wall region. Jiang et al. [5] used BLS to investigate the effects of the number of blades and tip speed ratio on the power coefficient of a small-sized straight Darrieus wind turbine. Although their results demonstrated, qualitatively, the effect of solidity and the number of blades on the power coefficient of the turbine, they could not capture the stall on the blades. The drawback correlates to the fact that BLS has the same deficiencies as the BL model in the solution of flow, including the large separation region and significant curvature effects. Ferreira et al. [6] simulated the air flow through the VAWT turbine with different turbulence models and validated the results with experimental observations obtained with the particle image velocimetry (PIV) technique. They investigated, specifically, the part of rotation in which dynamic stall happens. Out of the CFD models that they used (RANS with Spalart-Allmaras, RANS with k − ε, LES with Lilly SGS model, DES with S-A near-wall region), DES resulted in the best agreement with the experiment. Although using LES or DES simulation with sufficient grid resolution may result in more accurate flow prediction compared to URANS models, a significant obstacle to using these methods, in practical for wind turbine problems, is the availability of computer resources. The problem gets more severe for simulations aimed at capturing the 3-D turbulence features such as tip vortices. Consequently, the only affordable turbulence model for 3-D VAWT simulation is tied to URANS models. It is clear, from all these works, that the mesh convergence is not always achieved. Therefore it is important to provide some clarification related to the meshes required from accurate VAWT simulations.
Herein, 2-D and 3-D meshes are studied for the Spalart-Allmaras turbulence model. In the grid studies the power coefficient extracted from VAWT is chosen as the objective variable. Therefore the main changes on the grid are concentrated in the near-rotor region. For the 2-D simulations the torque generated by each blade and the total power coefficient are calculated. Then, a grid convergence is conducted, based on the power coefficient, to estimate the sensitivity of the model to the grid resolution. A 3-D simulation is also accomplished to show the 3-D turbulence influences on VAWT performance.
Grid study is an inevitable step of a CFD simulation. Grid Convergence Index (GCI) is a popular grid study method among engineers to estimate the grid convergence of a discretization method. GCI was first introduced by Roache [7] and it has been used in many papers since to study the grid residual. Paciorri et al. [8] used GCI to calculate the desirable residual for a junction flow. Later, other scientists also developed the GCI technique. Biron et al. [9] compared three types of mesh by using a GCI method suggested by Hardy et al. [10] .
In the following sections first the governing equations and the numerical methodology are presented. Then, the numerical domain, boundary conditions and grid properties are shown. After that the convergence study, based on 2-D results, is conducted. A 3-D simulation on a coarse mesh focuses on capturing the tip vortices. Finally, the desirable 3-D grid size is proposed to simulate a VAWT using the S-A method as a turbulence model.
GOVERNING EQUATIONS
The simulation of flow over VAWT is studied by solving the Unsteady Reynolds-Averaged Navier-Stokes equations (URANS) with S-A as the turbulence model. Applying Reynolds decomposition and taking time-average of the continuity and momentum equations yields the following URANS equations for incompressible flows
whereP andŪ i are the average pressure and velocity components, respectively, υ is the kinematic viscosity and ρ is the fluid density. Furthermore, τ i j is the specific Reynolds Stress tensor and can be described as
This symmetric tensor has six independent components and expresses the correlation between the fluctuating velocities. Basically, for 3-D flows, there are four equations and ten unknowns including six components for Reynolds stress, one pressure and three velocities. Therefore, in order to close the system, more equations are needed.
Turbulence Modelling Methodology
The next approach is to employ the Spalart-Allmaras turbulence model [11] as an additional transport equation. In this model the turbulent kinematic eddy viscosity term is expressed by the following equation:
whereυ and f υ1 are modified kinematic eddy viscosity and closure function, respectively and can be expressed by
Here, υ is kinematic molecular viscosity and C υ1 is a constant. The transport eddy viscosity equation in the S-A model can be defined by the following formula:
In this equation, the first three terms on the right-hand side are the production, destruction and diffusion of the kinematic eddy viscosity, respectively. The diffusion term includes both the molecular viscosity and the turbulent structures effects. The production terms is
where Ω corresponds to the magnitude of vorticity and d is the point field distance to the nearest wall, and
The destruction function can be defined as,
where,
The constants corresponding to the S-A model are listed in Table 1 . Table 1 . S-A model coefficient.
Wall Treatment
In order to capture the near-wall region's flow structures, the standard wall function for the S-A model is employed as follows:
where κ = 0.4187 and E = 9 is the additive constant utilized in the logarithmic law of the wall. Using the wall function allows us to locate the first point adjacent to the wall in the logarithmic zone instead of the sub-layer. Therefore, the averaged y + calculated should be around 30 in all simulations.
NUMERICAL IMPLEMENTATION
An OpenFoam® Solver [12] is used as our CFD tool in order to simulate the flow around the wind turbine.
In the following sections the details of the finite volume technique that is used to discretize the governing equation is described and the linear solver is explained.
Discretization Schemes
In order to discretize convection terms in the velocity and turbulence equations, a Gauss scheme with upwind interpolation is used. Furthermore, an Euler implicit scheme is employed for the time discretization. The pressure gradient is discretized by using Gaussian integration followed by the linear interpolation scheme wherein second-order central differencing is used. Viscous terms are discretized by Gaussian integration with linear interpolation of the diffusion coefficient with a surface normal gradient scheme, which is an explicit non-orthogonal correction. It should be mentioned that the gradient normal to a surface is computed at cell faces. The approach is based on interpolating the cell gradients at the face intersection. The SIMPLE algorithm is mostly used for transient-state simulations to couple the velocity and pressure in OpenFOAM® software.
Numerical Solvers
In order to solve the linear system of equations, the Krylov Subspace Solvers (KSS) are employed. The Preconditioned Bi-Conjugate Gradient (PBiCG) approach followed by the diagonal-based incomplete lowerupper (LU) preconditioner for asymmetric matrices is used for velocity and turbulence equations. For the pressure a Preconditioned Conjugate Gradient (PCG) solver with a diagonal-based incomplete Cholesky preconditioner is employed. These settings are described in [12] .
COMPUTATIONAL DOMAIN, GRID GENERATION AND BOUNDARY CONDITION
In the present work, unsteady flow simulations are performed for 2-D and 3-D computational domains of a VAWT with the geometry specifications given in Table 2 . Gambit software is used as a tool for creating the geometry and mesh generation. The computational domain of a VAWT includes two main zones, namely, a stationary zone, which is considered for the far field flow, and a rotating zone that rotates with the given angular velocity. A rectangular domain, which corresponds to the stationary zone, is utilized for the 2-D grid, with a distance of 10 rotor diameters from the axis of rotation to the top, bottom and left boundaries (Fig. 1a) . There is a 15 rotor diameter distance from the axis of rotation to the boundary on the right. Figures 1a and 1b illustrate the mesh of the computational domain as well as the mesh around an airfoil, respectively. The Bottom-Up approach is used to make the 3-D grid. In this technique the vertices, edges, and faces are first created in 2-D and thereafter 3-D meshes and volumes are constructed. We extend the 2-D domain by 1.71 chords in a span-wise direction and after that the grid is extended another 1.71 chords from the tip of the blade to the front in the z-direction (Fig. 1c) .
In order to conduct CFD analysis, it is necessary to specify initial and boundary conditions for the domain. A fixed value is set for velocity at the far-field boundary upstream of the rotor and atmospheric pressure is specified for the pressure at the downstream boundary. Other air properties at the far field are listed in Table 3 . A no-slip boundary condition is assumed on the blades; and at the top and bottom of the domain, a symmetry condition is employed. In the case of the 3-D domain the symmetry boundary is chosen for the back face, where the blades are attached, and slip boundary conditions are chosen at the opposite face. The modified kinematic eddy viscosity (υ) is chosen asυ = 5υ at the inlet and υ = 0 at the walls. Similarly, turbulent viscosity (υ t ) is computed from Equation (4) and set to be υ t = 2.029e − 05 m 2 /s at the inlet.
In the present study, General Grid Interface (GGI), developed by Beaudoin and Jasak [13] , is used to couple the stationary and rotating zones. The methodology is based on weighted interpolation to compute and transmit the flow variables in the interface region.
VERTICAL AXIS WIND TURBINE SIMULATION
In this section first the grid convergence methodology is described and then it is implemented for 2-D simulations. Afterward, comparisons and differences between 2-D and 3-D simulations are studied.
2-D Simulation
In this section, the intent is to define the key parameters in wind turbine analysis. One of the most important parameters in wind turbine investigations is the Tip Speed Ratio (TSR), which is defined as the ratio of tip speed of the blade to the wind speed, where R is the rotor radius, ω is angular velocity of turbine, and V is wind velocity. Power coefficient (C p ) is the quantity of interest, which can be derived by applying the Pi-Buckingham theorem, and is given by
Here, P is power, ρ is the wind density, A is the frontal swept area, V and is the free stream velocity. In order to calculate the coefficient of power for various tip speed ratios, a fixed angular velocity of 90 rpm as well as different wind velocities are employed. The torque is calculated by means of the developed code in OpenFOAM®, defined as the sum of the forces acting on each blade. In order to compute the coefficient of power a one-meter span is assumed for the swept area calculation. The vorticity contours, at different blade locations, are depicted in Fig. 2 for TSR = 2 and TSR = 3. For a fixed angular velocity the average time step is ≈ 0.0003 s, therefore at each time step the blades rotate ≈ 0.67 • . In Fig. 2a , the upwind blade is perpendicular to the flow direction. Figure 2b shows the flow after a 30 • rotation from the previous position and Fig. 2c shows the flow after another 30 • rotation of the blades. It is observed that clockwise vortices at the top and counter-clock-wise vortices at the bottom are generated and travel downstream by the mainstream flow and gradually dissipate. blade-vorticity interaction. The interaction is more obvious for TSR = 2 compared to TSR = 3 because the blades encounter a higher angle of attacks at lower TSR ratios.
Moreover, increasing the angle of attack advances the separation of flow on the suction side of the blades (the left blade in Fig. 2a) . The shed vorticity from the trailing edge of the blades may collide with the other blades (Figs. 2b to 2d) . It is also demonstrated that the lower the TSR, the wider extension of the wake formed behind the VAWT. Figure 3 illustrates the C p results with respect to time for TSR = 3. It should be stated that the value of C p demonstrates a transient behavior before reaching a periodic pattern. The averaged calculated value of C p is based on the last two cycles after observing a periodic behavior. 
Grid Convergence Study
A consistent manner in reporting the results of a grid convergence was developed by Roache [14] . The Grid Convergence Index (GCI), which is based on Richardson Extrapolation (RE), is considered to be the most acceptable and recommended method employed for the discretization error estimation. In this study, grid convergence analysis has been performed among three meshes with the specifications given in Table 4 . The first step is to provide a grid or mesh size (h) as follows:
Here, ∆A i is the area of the ith cell, and N is the number of elements used in the computation. In this study, the coefficient of power (C p ) is the key variable of interest and we desire to have a converged solution for this quantity. Grid refinement factor is given by
Based on experience, this ratio should be greater than 1.3 and the grid refinement procedure is carried out systematically. For a case where three meshes are employed, the calculation of the apparent order p of the method is based on h 1 < h 2 < h 3 and
where r 21 and r 32 are the grid refinement factors for the first-second and second-third meshes, respectively, and p is expressed by 
where ε 32 = Θ 3 − Θ 2 , ε 21 = Θ 2 − Θ 1 , and Θ i corresponds to the key variable in the ith mesh. It should be mentioned that for r = constant, q(p) = 0. On the other hand, extrapolated values of the objective variable can be calculated using the following equation:
In order to estimate GCI for the fine mesh, the approximate and extrapolated relative errors are described as follows:
where F s is the safety factor, and F s = 1.25 for comparison among three meshes [7] . The calculation procedure for three chosen meshes is shown in Table 4 . Generally, the overall accuracy of the numerical solution can be improved by refining the grids. As a result, according to Table 4 , the numerical uncertainty in the fine grid GCI for Power Coefficient (C p ) in TSR 2 and 3 are reported as 2.2 and 0.64%, respectively. It is clear from this analysis that a fine mesh is needed for spatially converged results. The estimated error on the fine mesh is 1.7% for TSR 2 and 0.5% for TSR 3. As noted in the previous section, the TSR 2 flow has more vortices shed than the flow at TSR 3. Therefore our 2-D simulation requires at least 2 million elements. This is computationally very expensive particularly for 3-D simulations, as discussed later. Figure 4 illustrates the comparison of the numerical results for three meshes with experimental data. For all three grids the maximum power coefficients are obtained at TSR ≈ 2.4. As seen in Fig. 4 , as the mesh is refined the C p values converge from below. Nevertheless all three numerical results overestimate the C p values -which is expected, as some features that decrease the C p are not included, such as the rotor hub and blade connections; but also 3-D features that are not captured in 2-D. These features result in reducing the power coefficient of the real turbine. In conclusion, comparison with experimental results may be misleading because a coarse mesh may give a better comparison while still being under-resolved. Figure 5 presents the torque variations of one blade versus azimuth angle for two TSRs on the fine mesh. In this study a blade is rotated counterclockwise and the angle of attack is changed accordingly. At the time in which the chord and far-field flow are in the same direction (0 and 180 • ), the rotor experiences the minimum torque. By increasing the azimuth angle from 0, torque keeps increasing until it reaches its peak at 90 • . Afterwards the torque decreases and then a second peak is observed in the backwind at 270 • . The results of TSR = 2 and TSR = 3 show almost the same pattern, except the maximum pick is higher in TSR = 2. Table 5 . To calculate the required resolution in 3-D we as our turbulence model, and the fact that 3-D tip vortices only disturb the flow close to the tip, justify our mesh construction. The computational time required for the first case in Table 5 is 2.5 months on a 72-processor parallel computer. This indicates that if we would like to simulate the flow around a 3-D VAWT on the finest mesh which is grid converged, it may take 14 months to calculate the C p for one TSR. Although computational resources and time limitation are two main obstacles to get more accurate results for 3-D simulation at present, we still can predict an upper bound on the power coefficient from 2-D simulations. Furthermore we understand now that a finer grid will result in higher values for the power coefficient until it reaches mesh convergence. This behaviour applies both to 2D and 3D simulations.
Comparison with Experimental Data
A comparison of the normal vorticity to the chord plane in a 3-D simulation with the corresponding vorticity in a 2-D simulation at TSR = 2.0 is depicted in Fig. 6 . The 3-D simulation shows the normal vorticity contours, at the blade root, dissipating quickly. In contrast, eddies last longer and travel farther to the leeward side of the rotor with the free stream in the 2-D simulation. These are especially seen between 180 • and 270 • , from the point where the blade is on the top in Fig. 6 . Higher dissipation predictions in 3-D simulation may be caused by two factors: first the grid resolution is not fine enough, therefore the numerical simulation over-predicts the dissipation term. The required mesh resolution will be discussed in further detail in the next section. The second reason is related to the flow; eddies in 3-D simulation are to grow in the third directions. Therefore, the interaction of eddies changes the strength and patterns of the z-vorticity that are depicted in Fig. 6 . Figure 7 shows the C p variation with respect to time for the 3-D mesh at TSR = 2. It should be mentioned that the value of C p follows a transient behavior before reaching a periodic convergence.
Exerted torque on each blade is reported in Fig. 8 . As it is expected, the 3-D simulation results demonstrate the reduction of the turbine efficiency, compared to 2-D simulation. Comparing to the number of elements of the coarsest mesh used in Table 5 for grid convergence study, it can be concluded that the 3-D solution is not likely grid-independent. As a result we need to simulate the flow on some finer meshes that are too expensive. The vorticities in x and y directions are constructed from the 3-D results and they are shown in Fig. 9 , where it is observed that both x and y vortices spread on and around the blades, especially concentrating close to the blade tips.
Analysis of tip vortex
Capturing the tip vortex is a significant feature of 3-D simulations. Tip vortices are caused by a difference in pressure of the two sides of blades (pressure and suction sides). Fluid tends to flow from a higher pressure zone to a lower pressure one. Then, the natural tendency of the fluid builds vortices that travel downstream with the free stream at the tip of the blades. The phenomenon is more or less very similar to what it is seen at the tip of aircraft wings. Figure 10 illustrates the tip vortices. Note that symmetry is assumed at the base of the blades leading to identical and in phase vorticies, which is a simplification of reality.
Those are shown for the azimuth angle between 90 • and 180 • . The viewer is positioned behind the trailing edge so that the tip vortex deviation from the rotation plane is observed. At the tip vortex direction is almost the same as that of the blade tip and has not deviated left or right (Fig. 10a) . When the azimuth angle increases to 125 • the tip vortex is shifted toward the inside of the blade (left in the figure) by 11% of the chord (Fig. 10b) . The deviation grows to more than 30% of the chord at the angle of 150 • (Fig. 10c) . Finally, the tip vortex direction makes a deviation with respect to the chord direction at 180 • .
To understand why the tip vortices' paths deviate from the straight line, we look into the pressure contour at two sides of the blade's tip, where a blade is located at 125 • from top positions in Fig. 11 . As is seen the pressure contours at two sides of the blade's tip differ quantitatively. It is more considerable around the blade.
Herein we compare two circled regions in the two illustrations in Fig. 11 . The left image presents pressure contour at the mid-span on the blade, and the right image reports the same contour but a half-span away from the blade tip. It is observed that pressure, especially on the suction part of the blade, in the left image is significantly lower than the corresponding region in the figure on the right. We can conclude from the picture on the right that the main stream flow is dominant and the blade's influence is de- creasing with increasing spanwise distance from the blade. Therefore a higher pressure zone (Fig. 11a) pushes the tip vortices, shedding from the blades, toward a lower pressure region to the center of the blades (Fig. 11b) .
CONCLUSION
A mesh convergence study based on calculating the power coefficient for 2-D flow simulations of VAWT is performed. The study shows that a fine mesh with more than 2 million elements is required. The analysis also shows that the coefficient of power converges from below; that is, the C p value is lower on a coarser mesh. Furthermore, the C p is over-estimated with 2-D simulations, as 3-D effects typically reduce the value of the C p . We also show that 3-D simulations require a very large number of elements, on the order of 50 to 100 million, to obtain mesh convergence. We have nevertheless performed a 3-D simulation on 15 million elements to demonstrate that the tip vortex from the top of the VAWT blades moves lower as it travels downstream. In summary, computational and time limitations prevent us from performing spatially converged 3-D simulations of VAWT even with the simple S-A turbulence model; however, 2-D mesh converged results can be used appropriately as an upper value of the coefficient of power. The challenge in the next few years will be to perform accurate 3-D simulations.
